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Abstract 
 
Alterations in ocular blood flow have been implicated in mechanisms that lead to 
vision loss in patients with various ocular disorders such as diabetic retinopathy, 
glaucoma, and age-related macular degeneration. Assessment of retinal and 
choroidal blood flow is also a window to evaluate systemic diseases that affect 
microvasculature. Quantification and qualification of the blood flow in the retina and 
choroid help us understand pathophysiology, stratify disease risk, and monitor 
disease progression in these disorders. Multiple methods are employed by 
researchers for assessment of blood flow, but a gold standard is lacking.  We review 
commonly used methods, both invasive and non-invasive, for evaluation of blood 
flow including intravital microscopy, laser Doppler velocimetry, laser Doppler 
flowmetry, laser interferometry, confocal scanning laser Doppler flowmetry, laser 
speckle flowgraphy, Doppler optical coherence tomography, blue-field entoptic 
simulation, retinal vessel calibre assessment, optical coherence tomography 
angiography, retinal function imaging, color Doppler imaging, and scanning laser 
ophthalmoscope angiogram. As technology evolves, better evaluation of blood flow 
in various ocular and systemic diseases will likely bring new perspectives into clinical 
practice and translate to better diagnosis and treatment. 
 
Key words 
Retinal blood flow; choroidal blood flow; optic nerve head blood flow; diabetic 
retinopathy; glaucoma; age-related macular degeneration. 
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1. Introduction 
 
The retina is one of the most metabolically active tissues in the body and requires a 
rich blood supply to bring in nutrients and remove waste.  In order to meet the 
demand of retinal metabolism, there is a dual blood supply : choroidal circulation for 
the outer part of the retina and choroidal tissues as well as retinal circulation for the 
inner portion of the retina. The retinal vasculature has a barrier function, similar to 
the cerebral and renal vasculature, and has the characteristic vascular hierarchy of 
an end-arterial system. The arterioles supply blood to a superficial capillary network 
in the nerve fiber layer and to the deeper capillary plexus at the level of the inner 
nuclear layer. In contrast, choroidal vasculature has a lobular fenestrated capillary 
system replenishing nutrients to the outer retina, including the photoreceptors. 
Photoreceptors, being metabolically active, need high blood flow in order to ensure 
adequate support.259 A great deal of investigation and research has been conducted 
and is currently on-going to investigate flow dynamics of retinal and choroidal 
circulation.185,209  
Investigating blood flow in retinal and choroidal circulation is imperative for 
understanding pathophysiology of potentially blinding ocular diseases like diabetic 
retinopathy (DR), age-related macular degeneration (AMD), glaucoma, vascular 
occlusion, and ocular inflammatory diseases. Conventional fluorescein and 
indocyanine green angiograms are based on fluorescence arising from the plasma 
protein bound dye molecule, but do not provide information on red blood cell (RBC) 
flow or oxygenation status.109,57 In retinal and choroidal circulation it is, however, the 
RBCs that carry oxygen to the tissue and reflect the metabolically efficient 
circulation.109,57 Importantly plasma flow and RBC flow do not necessarily equal each 
other, and their relative relation depends on local hematocrit. Also it needs to be 
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considered that flow in microvasculature considerably differs from laminar flow in 
larger vessels and is characterized by the presence of plasma favoring aggregation 
and vessel irregularities.109,57 
Numerous techniques have been researched and employed to quantify blood flow in 
retinal circulation. The techniques used for examining flow dynamics in retinal and 
choroidal circulation include intravital microscopy, laser Doppler velocimetry, laser 
Doppler flowmetry, confocal scanning laser Doppler flowmetry, laser speckle 
flowgraphy, Doppler optical coherence tomography, blue-field entoptic simulation, 
retinal vessel calibre assessment, retinal function imager, color Doppler imaging and 
scanning laser ophthalmoscope fluorescein and indocyanine green angiography. 
We will present the advantages and limitations of a number of commonly used 
techniques used in clinically and research setting. Whereas several recent review 
articles have focused on regulation of retinal blood flow,121,156,161,185-187,214,251 there 
are no recent review papers focusing on the measurement techniques .209,83  
2. Intravital microscopy 
Intravital video microscopy allows direct visualisation of flow dynamics in retinal 
vessels and computational analysis from these video acquired images.84 The 
technique is straightforward and as such has few limitations. Most of the intravital 
microscopy techniques used fluorescent labelled RBCs as velocity markers and 
were able to quantify the amount of blood flow in the retinal and possibly choroidal 
circulation. At the moment the technique is, however, only available for use in 
experimental animals. 
2.1. Using fluorescein labelled microspheres 
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Harris and coworkers have used 1.9 µm fluorescein labelled microspheres instead of 
RBCs to measure velocity.84,88,110,159 Along with fluorescent dextran as a plasma 
marker, they have computed the blood flow in mice retinal circulation using video 
analysis of live retinal vascular imaging.  Even though authors tried to correlate the 
velocity of fluorescein labelled microspheres with that of RBCs, there was a 
significant difference related to the different properties of RBCs and microspheres in 
circulation. This may be related to local haematocrit and the difference in vessel size 
dependent viscosity. Most of the intravital microscopy studies were not based on 
physiologic conditions and used single or discrete live cell imaging and tracking. Due 
to the lack of physiologic hematocrit, the blood flow rate calculated in the retinal and 
choroidal circulation may not provide valid data both in normal and abnormal animal 
models.  Harris and coworkers used micrometer scale on software analysis to 
convert pixels to µm and did acknowledge several critical assumptions for their 
technique. These included minimal optical magnification error resulting from the 
refractive nature of the eye, relatively low optical resolution, dextran filling the entire 
vascular lumen, vessels area being circular cylindrical, and sampling of velocities 
represent the mean. Using microspheres, Khoobehi and coworkers obtained a 
velocity of 1.64 ± 0.78 mm/s in retinal capillaries of rhesus monkey.110 From these 
results, it is clear that fluorescein labelled microspheres in circulation do not 
reasonably approximate RBCs and, therefore, flow results are difficult to transpose 
onto RBC flow. 
2.2. Using fluorescein labelled leukocytes   
Scanning laser leukocyte angiography provides real time imaging of the retinal and 
choroidal circulation using fluorescein labelled leukocytes and scanning laser 
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ophthalmoscope.88 This technique provides researchers with an objective way to 
qualify and quantify subclinical inflammation and flow dynamics. 
Measurement of leukocyte velocity may help detect the relative blood flow in retinal 
and choroidal tissue  that can subsequently be applicable to detecting flow dynamics 
changes in animal models of DR, vascular occlusion, and occlusive vasculitis.159 
Using a scanning laser ophthalmoscope (SLO) system, digital sequences of moving 
leukocytes are obtained and, by calculating the movement of leukocytes from one 
frame to another, the velocity of leukocytes calculated. From the scanning time, the 
distance in pixels, as well as the velocity, can be calculated using customized 
software.159 This approach has been used to study the retinal circulation in rats112 as 
well as in non-human primates.159 The velocity of fluorescently labelled leukocytes in 
the retinal capillaries of the cynomolgus monkeys was measured to be 0.92 ± 0.32 
mm/s.159  
Improving the labelling further, concanavalin A was substituted for sodium 
fluorescein as a fluorescent marker, providing a brighter and more stable fluorescent 
cell label.88 Yang and co-workers were able to observe leukocyte trafficking using 
autologous sodium fluorescein labelled leukocytes in humans.271 This was the first 
ever study of cellular (inflammatory cells) imaging in human retinal circulation, and 
the reported mean flow velocity of labelled leukocytes in retinal capillaries was 1.41 
+/- 0.29 mm/s. 271 The technique was, however, not followed further for clinical use 
because of the high experimental efforts and potential safety issues. 
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2.3. Using fluorescein / fluorescein isothiocyanate (FITC) labelled red blood 
cells 
Numerous researchers have tried using fluorescein or FITC labeled red blood cells 
to assess hemodynamics in retinal or systemic circulation. Khoobehi and Peyman 
used fluorescein labeled RBCs with SLO to assess velocity in retinal arteries of rats 
but they did not measure velocity in retinal veins or capillaries.185 There are 
numerous other studies that have investigated velocities of normal RBCs in retinal 
circulation in different species.95,99,109,271 
Wajer and coworkers reported velocity measurements of normal and sickle cell 
RBCs in the rat retinal and choroidal vasculature.253 They measured the velocities of 
RBCs in retinal and choroidal capillaries, as well as in retinal arteries and veins, 
using FITC labelled rat RBCs and human normal and sickle cell RBCs. By employing 
SLO, the authors were able to compute velocity in retinal and choroidal circulation 
from ADPase processed flat mount preparations of the retina.131 They used a bolus 
dose of 300 µL of labelled erythrocytes. With a 10% hematocrit and total blood 
volume of rats being 17 mL, this did not cause a significant increase in hematocrit. 
They concluded that RBC velocities in retinal capillaries were approximately 4 times 
higher than in choroidal capillaries, and retention of sickle cell RBCs was shown in 
ocular vasculatures.253  
Khoobehi and coworkers obtained RBC velocities of 18.4 ± 1.6 mm/s in retinal 
arteries and 14.5 ± 3.9 mm/s in retinal veins using a similar method.108 Jensen and 
Glucksberg found a large regional distribution of RBC speeds and reported between 
0.09 to 2.73 mm/s in peripheral cat retina.99 In this work, however, they used an 
endoscope to measure the blood flow velocity, which may not only damage the 
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retinal vessels, but also result in lower mean velocity as the eye was 
decompressed.99  
The disparity in velocity measurements in retinal circulation between RBC, 
microspheres and leukocytes may result from size, surface properties (adhesion 
molecules, receptors, etc.) and membrane stiffness. The difference in velocity of 
RBC in retinal and choroidal circulation could be attributed to the lobular 
arrangement and larger volume of the choroidal vasculature and also to the larger 
luminal diameters of the choroidal capillaries and the numerous flow paths, which is 
in striking contrast to end arterial system for retinal circulation. The slower flow of 
RBC in choroidal circulation allows more efficient oxygen exchange that is imperative 
for higher oxygen demand and higher oxygen consumption in the outer retina as 
compare to inner retina.177 
3. Non-invasive tools for assessment of ocular hemodynamics 
3.1. Laser Doppler technique for quantitative blood flow analysis 
The Doppler effect is the frequency shift of a wave reflected from a moving object. 
This shift in frequency is proportional to velocity of the moving object and depends 
on the angle between the velocity vector and the light propagation vector. In the case 
of retinal blood vessel, the movement of RBCs produce a Doppler shift. The advent 
of lasers that emit monochromatic coherent light has allowed detection with 
extremely high resolution of Doppler shift that light undergoes when scattered by a 
moving particle. As a result, the velocity that can be measured by laser Doppler 
technique ranges from µm/sec to km/sec. Pioneering work using laser Doppler 
technique to assess blood flow was done in skin232 and was later extrapolated into 
other microvasculature.10 
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3.1.1. Laser Doppler velocimetry 
Laser Doppler velocimetry (LDV) is a technology used to measure RBC in vivo 
based on the optical Doppler effect.191 Riva and coworkers developed a bi-directional 
LDV system that detected scattered laser light along two directions so that absolute 
RBC velocity measurement can be made independent of direction of incident light.194 
Combined with measurement of retinal vessel caliber from fundus photography, 
volumetric blood flow rate can be calculated.196 RBC velocity was reported to be in 
the range of 7-35 mm/s in retinal arteries with diameter between 40-130 µm, and 5-
25 mm/s in retinal veins with diameter of 60-180 µm.47,74,196 Calculated total retinal 
blood flow ranged from 30-80 µL/min in normal subjects among studies using the 
LDV technique.48,64,65,74,196,274 There are several assumptions to be considered in 
LDV technique for measuring the blood flow dynamics: 1) RBC velocity in a retinal 
vessel is calculated as mean value from maximum velocity assuming a parabolic 
flow profile.65 2) Vessel diameters from fundus photography or other imaging 
techniques are calculated based on the assumption of circular lumen in retinal 
vessels. Different imaging methods may produce different values of vessel diameters 
depending on their resolution. 3) Total retinal blood flow (TRBF) is estimated by 
calculation of blood flow in vessels above 50 µm in diameter only. Smaller vessels 
are not included, but may not contribute much to TRBF. This technique is only used 
in research settings at the moment.  
3.1.2. Laser Doppler flowmetry 
Laser Doppler flowmetry (LDF) is another non-invasive technique for assessment of 
blood flow in vascular tissue. In LDF a coherent laser light illuminates the vascular 
tissue and measures the Doppler shift induced by moving RBCs.11 In blood vessels 
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RBCs movement produce frequency shift in scattered light and vessel walls produce 
static scatters without any shift in light frequency and serve as a reference signal. 
Based on broadening of the frequency spectrum by moving RBCs, relative blood 
velocity, volume and flow for a particular amount of tissue can be calculated.11 The 
reason why LDF values are expressed in relative units is that Doppler effect is 
influenced by variations of the optical properties of the tissue arising from differences 
in structure and vascularization. Therefore comparison between different individuals 
or between different regions of the same tissue may be problematic.195 Contrary to 
blood flow measured by LDV combined with vessel caliber measurement, LDF 
measures volumetric blood flow by taking into account RBC velocity and RBC 
volume derived from intensity of signals.197 Over the last two decades, LDF has been 
adapted for human use in the measurement  of blood flow in the optic nerve head,197 
subfoveal choroid,193 and iris.22 LDF values do, however, scale linearly with changes 
in blood flow. This makes it useful in the assessment of changes in blood flow 
induced by physiological or pathological stimuli that do not alter optic properties of 
the tissues.195 Factors like hyperoxia, hypercapnea, flickering light stimuli, changes 
in ocular perfusion pressure  from isometric exercise and ice water submersion have 
been shown to change the optic nerve head and choroidal blood flow as measured 
with LDF.82,192,213,135 Blood flow measurements using LDF at the peripheral retina 
appear to be mainly influenced by choroidal blood flow with very little retinal 
contribution, but that exact sampling depth and the microvessels that contribute most 
to the signal remain unclear.180 Apart from interindividual difference in structure and 
vascularization, blood flow data may also critically depend on the local hematocrit, 
which is subject to changes induced by pericytes and the endothelium. Hence it is 
even more difficult to compare healthy and diseased retina.181,102 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
13 
 
3.1.3. Confocal scanning Laser Doppler Flowmetry 
Based on a similar principle, confocal scanning laser Doppler flowmetry (CSLDF) 
was developed (Heidelberg Retinal Flowmeter, Heidelberg, Germany),149,150 but is no 
longer commercially available. It incorporated confocal scanning laser tomography 
that covers 2560 x 640 µm2 area with a depth of 400 µm. After confocal scanning is 
completed, the flowmeter computer system performs a fast Fourier transform to 
extract the local frequency components of the reflected light. At each point of the 
scan, a frequency spectrum is computed with blood velocity on x axis of the 
spectrum and number of the blood cells leading to that frequency pattern on y axis of 
the spectrum. Integration of spectrum yields local retinal blood flow.149,150 The 
flowmeter is designed to analyse a block of 10 pixel2 which is equivalent to 100 µm2 
area of the retinal tissue. The CSLDF instrument's penetrance depth induces a 
mixed signal of retinal and part of choroidal tissue to an unknown extent, heavily 
limiting interpretation of results.  Other limitations include small sampling areas that 
do not represent perfusion of the entire retina and inadequate long-term 
reproducibility.105  
3.2. Doppler optical coherence tomography 
Doppler optical coherence tomography (DOCT) is a functional extension of optical 
coherence tomography (OCT). Similar to the previously discussed laser techniques, 
measurement of blood flow is extracted from Doppler shift. In addition to being 
contactless and dye-free, DOCT has the advantages of providing volumetric 
information of blood flow together with structural and vascular anatomy.123 As OCT 
technology improves resolution, sensitivity and acquisition speed, DOCT is also 
getting a boost in its application. Using Fourier domain DOCT with orthogonal 
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detection planes and a fundus camera-based retinal vessel analyser, Doblhoff-Dier 
and coworkers showed a high degree of conformity of venous and arterial flows 
corroborating with validity of instruments from their system.42 Hence, it was possible 
to measure the total retinal blood flow in the human eye including vessels down to 
size of 30 µm. Using this highly sophisticated technology, the mean arterial flow 
measured was 35.7±4.1 µL/min, and the mean venous flow was 36.0±4.5 
µL/min.123,42 The technique has been validated against invasive microsphere 
technology in a non-human primate model with high Pearson r of 0.976.247 A few 
other groups have reported total retinal blood flow based on DOCT using different 
approaches to extract quantitative perfusion and the values range from 29.7 to 51.4 
µL/min. 29,38,42,254,257 
3.3. Laser speckle flowgraphy 
Laser speckle flowgraphy (LSFG) is a non-invasive method of measuring optic nerve 
head, retinal and choroidal blood flow based on laser speckle phenomenon in which 
interference, termed laser speckle, is observed when coherent light is scattered by a 
sample. This interference and the resulting laser speckle pattern changes when the 
sample is non-stationary. In biological tissue, the laser speckle pattern varies due 
primarily to blood flow. Fercher and Briers first proposed this method49 and Tamaki 
and coworkers later developed an LSFG apparatus for quantitative ocular blood flow 
in vivo.239-241 LSFG reports blood flow as arbitrary units using indices termed 
normalized blur (NB) and square blur ratio (SBR) in early generation and mean blur 
rate (MBR) in later development.118,233 Attempts have also been made to quantify 
blood flow in single retinal blood vessels by using retinal flow volume (RFV), but the 
values do not scale linearly with blood flow values.130,218  Recently new software is 
developed for LSFG that allows analysis of MBR pulse waveform.249 Among the new 
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indices calculated from MBR pulse waveform analysis are blowout time and blowout 
score. High blowout time is an indicator of well-maintained perfusion in between two 
heartbeats and high blowout score indicates a high constancy of blood flow during 
the cardiac cycle.130 The limitations of LSFG include use of arbitrary units which 
makes comparison or comparison with another technique difficult. It also requires 
clear media and subject fixation to generate images of good quality.   
3.4. Blue-field entoptic simulation 
Blue-field entoptic simulation technique,  a non-invasive means for measurement of 
the number and velocity of leukocytes in the human macula, is based on the entoptic 
phenomenon of observation of one’s own leukocytes’ movement when looking in to a 
blue background.126,198 Test subjects are required to match the global motion of 
simulated leukocytes displayed on a monitor to that of their own leukocytes by 
adjusting the number, velocity and velocity pulsatility.198 Mean leukocyte velocity 
measured using this method was in the range of 0.23 to 1.9 mm/s.45,60,128,129,199 The 
use of this technique is limited by its highly subjective nature.   
3.5. Geometric tool for microcirculations – retinal vasculature assessment 
using semi-automated imaging software 
The retina is a unique site for direct visualisation of microcirculation using fundus 
examination and imaging. Examination of microvasculature with time can offer 
insight into microcirculatory disturbances in blood flow. Using computer assisted, 
non-invasive and semi-automated imaging tools, microvasculature can be quantified 
using numerous different geometric parameters.125,169 Significant progress and 
validation of this non-invasive tool in last two decades has provided the ability to 
measure and quantify changes in microcirculation, and monitor and predict the risk 
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of ischaemic events.268 This quantitative assessment tool has been applied to larger 
populations across all age groups and in different ethnic population to further 
validate the automated analysis using computer algorithms.235,267 Studies have now 
established strong associations between the microvascular signs on retinal fundus 
photography and clinical/subclinical outcomes in metabolic, cerebrovascular, and 
cardiovascular diseases.125,138,235,267,275 The utility of this tool has been established in 
atherosclerosis, cardiovascular diseases, hypertension, cerebrovascular diseases, 
diabetic retinopathy and has also been investigated in patients with HIV disease as a 
marker for disease progression.125,235,267,268 
This technique essentially involves assessment of fundus photographs and further 
assessment of arteriolar calibre, venular calibre and other geometric markers. The 
software program identifies any vessel larger than 25 µm in diameter and identifies 
its edges using pixel density histogram. Average cross-sectional diameter of the 
retinal arterioles and venules is computed from repeated measurements.  Intergrader 
reliability for this method was found to be more than 80% making this tool a very 
useful non-invasive tool for monitoring of microcirculation.235,267,268 Individual 
arteriolar and venular diameters are combined into a summary statistic named 
arteriole-to-venule ratio (AVR). The AVR accounts for magnification differences 
between photographs as well as refractive error.90 
Currently retinal vessel caliber measurement has a few limitations. Data obtained 
from vessel calibre measurements undergo a significant transformation before 
converting from pixels to micrometres. Empirical models are used to combine 
individual retinal vessel calibre into summary measures. In addition, the caliber 
assessment does not provide information about the relation of the blood flow column 
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and the cell free layer within the vessel. It also does not provide the functional 
changes of the retinal microvasculature.  
3.6. Retinal function imager 
Retinal function imager (RFI) (Optical Imaging, Rehovot, Israel; and Topcon Imaging, 
Oakland, New Jersey, USA) is a non-invasive imaging technique that visualizes the 
retinal microvasculature by using hemoglobin in RBCs as an intrinsic contrast 
agent.97 RFI uses a computerized camera to take high-resolution fundus images and 
recognizes the motion of RBCs in retinal vessels by comparing eight images of the 
retina within a single short interval of 0.14 s. The average RBC velocity measured by 
RFI in healthy eyes was 4.2 ± 0.9 mm/s in retinal arteries and 3.3 ± 0.8 mm/s in 
retinal veins.16  It is the multimodal imaging device that can measure retinal 
microcirculation, microvascular network and oxygen concentration of the retina in 
health and disease. Using recently developed algorithms, blood flow and oximetry 
components of the RFI has been automatized and can help in establishing the value 
of the RFI in different pathologes.13-15,17,27,100 The advantages of RFI include direct 
imaging in the blood flow plane, short image acquisition time, and simultaneous 
measurement of all vessels in the field of view (20° or 35°). It also provides 
measurement in standard unit (mm/s) rather than arbitrary unit, which allows 
comparison between patients.27 Limitations of the RFI technique include an inability 
to distinguish different vascular slabs in the retina and choroid and to measure blood 
flow, because vessel diameters cannot be quantified. Blood velocity values obtained 
with RFI have not been directly validated against other technologies.  
 
3.7. Color Doppler imaging (CDI) 
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CDI is an ultrasound-based technology that uses the acoustic Doppler effect for 
quantifying blood velocities. The anatomy of the retrobulbar vessels has been 
described in detail.78,124 In the central retinal artery, the posterior ciliary arteries and 
the ophthalmic artery peak systolic velocity (PSV) and end diastolic velocity (EDV) 
can be measured using this technique. Many authors calculate a resistive index (RI) 
as (PSV-EDV)/PSV, as a measure of vascular resistance, but there are doubts 
whether this is an adequate measure in the retina because the relationship between 
RI and vascular resistance is rather complex.179 The technique has various 
limitations that have been discussed in detail.230 Limitations of CDI include the 
Doppler probe itself influencing readings when applied to the closed eye lid leading 
to an increase in intraocular pressure, insufficient resolution to allow measurement of 
retrobulbar vessel diameters leading to an inability to calculate volumetric blood flow, 
and poor reproducibility, particularly when measuring small posterior ciliary arteries. 
For CDI of the ophthalmic artery it needs to be considered that only approximately 
25% of the blood flowing through this vessel supplies the eye.113 In all the measured 
vessels, ocular blood flow and blood velocities can easily be uncoupled.53 Results of 
perfusion parameters from CDI studies in diabetes may be also considerably 
influenced by a diameter change of retrobulbar arteries, which has been calculated 
as increased in patients with type 1 diabetes.171   
3.8. Pneumotonometry for assessment of pulsatile ocular blood flow (POBF) 
Pneumotonometry assess the pulsatile ocular blood flow (POBF) by measuring the 
changes in intraocular pressure (IOP) caused by the pulsatile rhythmic filling of the 
intraocular vessels during the cardiac cycle. In pneumotonometry, the outcome 
measure pulse amplitude (PA) refers to the maximum IOP change during the cardiac 
cycle, and the calculation of POBF from IOP changes with time is based on 
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hydrodynamic eye model with the assumptions of non-pulsatile ocular venous 
outflow and standard ocular rigidity for all subjects.221 MacKinnon and coworkers 
studied the POBF levels in patients with untreated diabetic retinopathy and reported 
increased POBF in diabetic retinopathy compared to controls. The background and 
pre-proliferative/proliferative retinopathy patients had significantly increased POBF 
levels compared to controls.134 Similarly Geyer and coworkers also reported 
increased POBF with the severity of the retinopathy.66 Savage and coworkers 
reported significantly decreased POBF in PDR patients treated with panretinal 
photocoagulation and no change in diabetic patients with no retinopathy or mild 
NPDR.207 Hommer and coworkers reported decreased PA in the patients with 
primary open-angle glaucoma (POAG) compared to healthy controls.86 
3.9. Laser interferometry for pulsatile blood flow 
Laser interferometry assesses the relative distance changes between cornea and 
retina during the cardiac cycle and the maximum change in corneo-retinal distance 
during the cardiac cycle is termed as fundus pulsation amplitude (FPA). FPA is a 
measure of the pulsatile component of ocular blood flow.211 Laser interferometry 
uses a 783 nm wavelength single-mode laser diode with a power of approximately 
80 µW to illuminate the eye. The laser beam is reflected at the corneal anterior 
surface and the retina. The interference fringes produced by the two re-emitted 
waves from cornea and the retina are captured by a CCD array and forms an 
interferogram from which the corneo-retinal distance changes during the cardiac 
cycle can be calculated.211,212 
Schmetterer and coworkers reported the reduced FPA in AMD patients with classic 
neovascular membranes.210 Boltz and coworkers studied the FPA and subfoveal 
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choroidal blood flow in AMD patients with unilateral choroidal neovascularization 
using laser interferometry and laser Doppler flowmetry, respectively and reported 
that the patients with lower choroidal blood flow were associated with higher risk of 
developing of CNV in the fellow eye.9 Hommer et al., studied the ocular rigidity 
calculated from the ratio between PA and FPA measured by using pneumotonometry 
and laser interferometry, respectively in patients with POAG. They have reported 
increased ocular rigidity and reduced FPA and PA in POAG patients compared to 
healthy controls.86 Both pneumotonometry and laser interferometry measure pulsatile 
component of ocular blood flow and show a significantly higher association between 
FPA and PA and FPA and POBF.208 
3.10. Optical coherence tomography angiography (OCTA) 
Optical coherence tomography angiography (OCTA) is a recently developed 
noninvasive, high contrast and high resolution imaging technique for assessment of 
ocular blood flow and visualization of the retinal and choroidal vasculature. OCTA is 
a functional extension of structural OCT that detects motion contrast produced by 
moving blood cells in retinal vessels by multiple repeated B-scans of the same area 
of the tissue over a period of time. OCTA assesses the blood flow and generate high 
resolution microcirculation map by analyzing the variations in signal amplitude and 
/or phase properties between repeated B-scans. Blood flow in the retinal vessels will 
produce variation and areas with no blood flow (vessel walls) produce no variation 
on repeated B-scans.226,21,225  
There are several algorithms have been developed to compute blood flow 
measurements from the sequential B-scans. These algorithms are based on OCT 
signal phase or amplitude or both phase and amplitude (complex signal-based 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
21 
 
OCTA). Phase-signal-based OCTA techniques are Doppler OCT and phase-
variance OCT; amplitude-signal-based OCTA techniques are split-spectrum 
amplitude-decorrelation angiography (SSADA) algorithm, Speckle-variance OCT, 
and correlation-mapping OCT; Complex-signal-based OCTA techniques are Optical 
microangiography (OMAG), Multiple signal classification OMAG and Imaginary part-
based correlation mapping OCT.106 The commercially available OCTA systems 
include SSADA algorithm based AngioVue system (Optovue, Inc., Fremont, CA, 
USA),89 OMAG algorithm based AngioPlex system (Carl Zeiss Meditec Inc., Dublin, 
CA, USA) spectral domain OCTA,202 amplitude decorrelation algorithm based swept-
source optical coherence tomography Angio (Topcon Corp., Japan),231 and OCTA 
ratio analysis algorithm based Heidelberg Spectralis OCTA (Heidelberg, 
Germany).227 
OCTA has potential applications in evaluation and management of various eye 
diseases like age related macular degeneration,201,237,32 diabetic retinopathy,136,92 
diabetic macular edema,40 choroidal neovascularization,39 retinal vascular 
occlusion,162 glaucoma,23 uveitis and ocular inflammation.175 Though OCTA is a non-
dye based method that acquires volumetric angiographic information and allows 
visualization of all layers of retinal blood vessels, it cannot identify the leakage 
patterns, staining, and pooling seen in conventional fluorescein angiogarphy.227 
Presence of motion artifacts in the background is the most common problem in 
OCTA from eye movement, intrinsic ocular features, image processing and display 
strategies. With OCTA steady fixation is necessary to acquire high quality images.226 
4. Fluorescein and Indocyanine green angiogram for flow dynamics 
assessment 
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4.1. Application of scanning laser ophthalmoscope (SLO) 
One of the potential applications of SLO technology is a non-invasive method for 
estimating retinal blood flow. SLO is based on principle of confocal microscopy and 
is designed for clinical ophthalmoscopy and fluorescein and indocyanine green 
angiography. With better understanding of this instrument and technology, the 
applications of scanning laser ophthalmoscopy has broadened to assess 
hemodynamics in retinal and, possibly, choroidal circulation.43,165 It uses a finely 
focused laser beam scanned at video rates across the inside of the eye. Light 
reflected from the retina and choroid is focused using confocal optics at a pinhole 
aperture placed in front of the light detector.43 Taking advantage of scattered light 
removal by the confocal effect, the resultant image signal is of very high contrast and 
clearly defined to produce final images of the retina and choroid. As it does not need 
high amount of irradiation, it is an eye-safe method to image the retina and choroid 
at low light intensity. SLO also has the advantage of depth discrimination and, by 
using confocal effect, it can separately image retinal and choroidal vessels of the 
eye. 
4.1.1. Fluorescein angiography 
Fluorescein angiography is an important clinical tool for retinal blood flow 
assessment.163 While usually yielding qualitative information, quantitaative 
infomation about retinal blood flow can be achieved, especially when using an SLO. 
Fluorescein angiography was originally performed using a fundus camera providing 
measurements such as mean circulation time (MCT) and arteriovenous passage 
time (AVP). Relative concentration of fluorescein in retinal vessels can be obtained 
from densitometric measurements on retinal photographs. Dye dilution curves are 
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then derived for the artery feeding and the vein draining the retinal segment of 
interest. MCT is calculated based on these dilution curves and represents the 
average time it takes for dye molecules to travel from entry to exit of a vascular 
segment.85 This technique is further refined using videoangiography.19,188 AVP, 
defined as the time between the first appearance of the dye in a retinal artery and in 
the corresponding vein, is developed as an alternative to MCT.262 While MCT gives 
more weight to peripheral retinal circulation, AVP represents the passage time of dye 
through the shortest segment close to the papilla. An important limitation to this 
technique is the assumption that all the blood of a volume supplied by a specific 
artery is drained by a specific vein. Leakage and vasodilation from various 
pathologies may also affect MCT and AVP measurements.  
SLO allows visualisation of retinal, especially perifoveal, microcirculation.243,262 Using 
SLO-based fluorescein angiography, quantitative assessment of perifoveal capillary 
circulation can be achieved using manual tracking (plotting method) or tracing 
method.  
Plotting method: Using 10% sodium fluorescein and an SLO system at an angle of 
20⁰, macular images can be obtained within 1 min of dye injection. Digital images are 
subsequently analysed offline to identify fluorescent dots moving in perifoveal 
capillaries. Frame rate of 30 frames per second are used to identify and trace 
movement of fluorescent dots. Time sequenced images are analysed to calculate the 
velocity of fluorescent dots hence quantitative assessment of the blood flow using 
fluorescent dots was obtained.271 Littmann curve formula using corneal curvature, 
refraction, and axial length was used to correct for anatomical variations between 
individual eyes.5 As fluorescence of the moving dots can be of inadequate intensity, 
it is not considered a practical method.  
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Tracing method: Firstly SLO image of fundus fluorescein angiogram at an imaging 
angle of 20 degrees was performed, which was followed by correction of image shift.  
In this method, the entire capillaries are traced and 150 images collected during 5 
second periods, and these images are placed next to each other. Movement of the 
fluorescent bright dots is detected as a continuous shadow image along the 
reconstructed image. The blood flow velocity is then calculated from the total time 
period (distance between start and end points of the inclined shadow).62 A major 
advantage of this method is that movements of almost all the fluorescent dots within 
a particular vessel could be analysed by tracing the target capillary.  
Nature of fluorescent dots on tracing or plotting method is controversial. The 
fluorescent dots are well defined and discrete with a size that can be larger than 
diameter of perifoveal capillary. As postulated by Yang  and coworkers the 
fluorescent dots are unlikely to be stained plasma as plasma fluorescence is not 
detectable in microcirculation.272 It is likely that fluorescent dots are stained 
leukocytes as they could be seen in microcirculation, and erythrocytes do not take up 
stain. Therefore blood flow velocity by tracing or plotting method may be actually 
representing  leukocyte velocity. The variations in the flow velocity of multiple 
fluorescent dots moving through the same capillary are accounted for by the shape 
of the capillary, variable dot size, and pulsations of the blood flow. Nevertheless, as 
circulating leukocytes move more slowly than erythrocytes owing to their larger size, 
reduced deformability and increased tendency to adhere to the vascular 
endothelium, it is difficult to postulate actual blood flow velocity using this technique.  
4.1.2. Indocyanine green (ICG) angiography 
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SLO ICG angiogram for assessment of choroidal blood flow uses near infra-red light 
which is more efficient in penetrating pigmented layer of the fundus4 and ICG’s high 
affinity for plasma protein. Extraction of quantitative blood flow parameters is, 
however, difficult and there is no automated software to generate choroidal blood 
flow parameters in SLO ICG angiogram. Harris and coworkers described a technique 
called area dye-dilution analysis that  generates 3 parameters: 10% filling time that 
represents rapidity of early choroidal filling phase, the slope of curve that represents 
the overall speed of blood entering the choroid, and maximum intensity of brightness 
that represents the overall vascular density of choroid.83 The technique has, 
however, not gained wide-spread use. 
5. Applications of flow dynamics assessment in ocular pathology 
5.1. Diabetic retinopathy 
For 4 decades, diabetic retinopathy (DR) has been implicated in alterations of retinal 
blood flow.117 Various modalities of blood flow assessment were carried out to 
investigate the extent of such disturbance.  
LDV predominates in early studies comparing retinal blood flow in diabetic patients. 
Calculated total retinal blood flow using LDV was similar in normal patients and 
diabetics with no DR, background DR, proliferative diabetic retinopathy (PDR); 
however, it was reduced after panretinal photocoagulation (PRP).69,76 Lorenzi amd 
coworkers also showed no significant change in retinal blood flow in type 1 diabetes 
mellitus (T1DM) patients with no or minimal retinopathy who maintained relatively 
good glycemic control.127 This observation was, however, not consistent with Patel 
and coworkers who reported total retinal blood flow was significantly increased in all 
stages of DR in comparison with non-diabetic controls and diabetics with no 
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retinopathy.214 To add more complexity to the picture, a bimodal relationship 
between change in retinal blood flow and the duration of diabetes was reported in 
T1DM. With longer duration of DM and more severe DR, there was a transition from 
negative to positive retinal blood flow slopes.119 Pemp and coworkers demonstrated 
that T1DM patients with no or mild DR had fluctuating retinal blood flow with 
fluctuating plasma glucose level, which may contribute to microvascular changes.173 
For type 2 diabetes mellitus (T2DM), retinal blood flow was reported as significantly 
lower in eyes with no DR or mild non-proliferative DR (NPDR) compared to non-
diabetic eyes.155  
Assessment of retinal blood flow using CSLDF and LDF became available over the 
last 15 years or so. Findl and coworkers reported no significant differences in retinal 
blood flow with progression of DR in patients with T1DM.51 Another study, however, 
reported retinal blood flow in the perifoveal and nasal areas was associated with the 
level of diabetic retinopathy, with reduction in blood flow in PDR compared to NPDR 
or pre-PDR.37 LDF allowed assessment of choroidal blood flow.193 Foveal choroidal 
blood flow was shown to be significantly decreased in patients with NPDR, especially 
those with macular edema,154 and with PDR.215 After PRP treatment, an increase in 
foveal choroidal blood flow has been reported.236 CSLDF results and also 
measurements with LDF in macular edema are difficult to interpret due to 
interindividual variability of tissue properties.37,51 In LDF the laser penetrates only 
300-500 µm. Hence increased tissue thickness in diabetic macular edema may 
influence the reflected signal of the power Doppler spectrum. Subfoveal choroidal 
blood flow, however, seems to be more consistently reduced in diabetes. 
Research on retinal and choroidal blood flow in DR using LSFG is limited at the 
moment. Nitta and coworkers showed blood flow as measured by MBR in the retinal 
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artery, retinal vein, optic nerve head (ONH), and choroid decreased significantly after 
intravitreal injection of bevacizumab in patients with diabetic macular edema.160 
Okamoto et al. reported subfoveal choroidal blood flow decreased significantly after 
PRP treatment.164 
Wang et al. first used DOCT to study retinal blood flow and reported a diabetic 
patient with PDR had reduced total retinal blood flow while diabetic patient with no 
DR had similar total retinal blood flow compared to control;255 however, there was 
only 1 patient in each group. Recently, studies have shown that total retinal blood 
flow was significantly lower in eyes with all stages of NPDR and PDR.111,229,244 Lee 
and coworkers reported retinal blood flow in patients with PDR were decreased at 
baseline, but did not decrease further after PRP.122  
Blue field entoptic simulation technique was used to assess perifoveal capillary blood 
flow in DR. Sinclair reported increased capillary flow velocity with decreased density 
of the entoptically perceived leukocytes in diabetic eyes.223 It was later shown that 
increased flow in the macular microcirculation may be associated with progression of 
DR;75 however, a more recent report on T1DM patients with no or minimal 
retinopathy did not show significant difference in macular capillary blood flow.166 
Abnormal autoregulation of capillary blood flow was also demonstrated by this 
technique. Patients with DR showed a blunted response of macular capillary blood 
flow to isocapnic hypoxia and intraocular pressure changes.46,222 
Retrobulbar hemodynamics was evaluated with CDI. Studies have shown that 
perfusion velocity was reduced in eyes with DR in central retinal artery,68,133,41 
ophthalmic artery94 or both.139 RI was shown to be increased in diabetic patients with 
or without retinopathy in ophthalmic artery41,242 and central retinal artery.1 
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Dysregulation of retrobulbar blood flow was reported during episodes of isocapnic 
hyperoxia in diabetic eyes.44 Changes in ocular blood flow after treatment were also 
observed by CDI. There was an increase in perfusion velocities in ophthalmic artery, 
posterior ciliary artery and central retinal artery shortly (30 minutes) after PRP 
treatment; however the same group reported a reduction in the perfusion velocity in 
ophthalmic artery 6 months to 2 years after PRP treatment.140 After vitrectomy, there 
were conflicting reports on changes of perfusion velocity in central retinal artery and 
posterior ciliary artery.120,234 
Few reports have been published on ocular blood flow measured by RFI and SLO 
FA/ICGA. Using RFI, interesting observations were made indicating that diabetic 
patients with no DR had increased flow velocity while those with NPDR had reduced 
flow velocity compared to normal.13,18 Using SLO FA by the tracing method, 
perifoveal capillary blood flow velocity was shown to be significantly decreased in 
patients with clinically significant macular edema (CSME) (0.94+/-0.09 mm/s) 
compared with patients without CSME (1.22+/-0.20 mm/s) and healthy volunteers 
(1.49+/-0.11 mm/s).206  
5.1.1. Factors associated with blood flow changes in diabetic retinopathy 
Retinal blood flow was found to be higher in diabetic patients, with or without diabetic 
retinopathy, compared to healthy controls.173,157 Retinal blood flow rate was 
proportional to plasma glucose levels12 and positively associated with severity of the 
diabetic retinopathy.157 In long term hypertensive patients significantly reduced retinal 
capillary flow and retinal capillary rarefaction was observed compared to the healthy 
subjects.12 Intensive glycemic and blood pressure control showed no effect of on 
incidence and progression of DR and suggest that there might be other processes 
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related to the development of DR.167 Several studies have reported an association of 
retinal vessel diameter and the progression of diabetic retinopathy. Wider retinal 
venular calibers are associated with presence, progression and severity of DR and 
incident of PDR217,248,203,115 and wider retinal arterioles are associated with risk of 
DR.26,200 Retinal arteriolar diameters were significantly reduced in patients with 
improved DR in a longitudinal study.170 Foveal superficial capillary plexus showed 
capillary rarefaction with nonperfusion areas in patients with DR.36 The retinal 
microvascular changes in DR may be related to retinal blood flow alterations 
secondary to the retinal hypoxia and metabolism. Sousa and coworkers studied mild 
hypoxia-induced retinal microvascular changes in healthy subjects using OCTA. 
Parafoveal and peripapillary vessel densities were significantly increased in both 
eyes of subjects under hypoxic conditions and in post-hypoxic conditions vessel 
densities were decreased to near-baseline values.224 Vascular response to a 
vasoactive stimulus (hypoxia and hyperoxia) is called as vascular reactivity which 
plays key role in maintaining homeostasis in hemodynamics against various 
pathophysiological conditions. In healthy subjects retinal vascular diameter and 
retinal blood flow increases in response to hypoxia and decreases with hyperoxia.25 
In patients with diabetes and DR, vascular reactivity was impaired.104,67  
In summary, substantial research has been performed to elucidate retinal and 
choroidal blood flow disturbances in the pathogenesis and progression of DR. 
However, results are often conflicting, likely due to differences in measurement 
techniques, inclusion criteria and sample sizes. Comparison of the techniques in a 
carefully selected patient cohort with adequate size would be helpful in the future. 
5.2. Glaucoma 
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The exact pathophysiology of glaucoma remains unclear but hemodynamic 
disturbances at the ONH have been implicated in the development of the disease.54-
56,137
 Therefore, the main interest of research on blood flow in glaucoma lies in 
studying perfusion in the ONH. 
Jonas and coworkers reported decreased peripapillary vessel diameter in glaucoma 
patients, which was also associated with increased severity.103 Hamard and 
coworkers used LDV, but actually applied the LDF technique to study ONH blood 
flow in glaucoma patients and shown that capillary RBC flow velocity was reduced in 
primary open angle glaucoma (POAG) and normal tension glaucoma (NTG).81  
The bulk of research on ocular blood flow and glaucoma came from studies with LDF 
and CSLDF. ONH flow and juxtapapillary blood flow were shown to be decreased in 
POAG patients52,72,73,147,148 and NTG patients.30 This, however, was not repeated in 
one report by Nicolela and coworkers. Using the same technique, they showed 
POAG patients had less blood volume, flow, and velocity in the lamina cribrosa and 
upper temporal peripapillary retina, but there was no difference in blood flow in the 
neuroretinal rim.158 It was further shown that ONH blood flow was reduced in POAG 
suspects who did not manifest visual field abnormalities compared to normal 
patients, but similar to POAG patients.176 Hafez and co-workers showed that ONH 
blood flow was reduced in POAG patients but not in ocular hypertension (OHT) 
patients compared to normal.79 With progression of glaucoma, Ciancaglini and 
coworkers showed change in blood flow to the lamina cribrosa, but not to 
neuroretinal rim, was associated with visual field damage in POAG using CSLDF.31 It 
was also shown that reduced ONH blood flow, rather than retinal or choroidal blood 
flow, was associated with more visual field loss and disc morphological changes in 
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POAG patients.1896 Following trabeculectomy, ONH blood flow measured by CSLDF 
improved in POAG patients.7  
Regional distribution of ONH blood flow was studied with LDF and it was shown that 
temporal neuroretinal rim blood flow was lower on the nasal side in normal patients, 
which might underscore the increased susceptibility of temporal rim in glaucoma.8 
Comparing POAG and OHT, a significant reduction in blood flow has been observed 
at the lamina cribrosa and the temporal neuroretinal rim, but not at the nasal 
neuroretinal rim or the nasal juxtapapillary retina in POAG.107 Interestingly, following 
a similar percentage of IOP reduction, POAG patients, but not OHT patients, had a 
statistically significant improvement of blood flow in the neuroretinal rim of the 
ONH.80 This might suggest ONH blood flow autoregulation was defective in POAG 
while intact in OHT. Vascular dysregulation was supported by studies from 
Fuchsjäger-Mayrl and coworkers which showed reduced ONH blood flow and an 
abnormal correlation with mean arterial blood pressure in POAG/OHT patients61 and 
from Pemp and coworkers that showed patients with POAG have  a larger diurnal 
fluctuation of ONH blood flow parameters.172 Weigert and cowrkers did not find 
significant difference in ONH blood flow after moderate change in IOP between 
POAG and control using CSLDF, but the changes in ocular perfusion pressure were 
too small to draw conclusion on disturbance of autoregulation.258 In NTG patients, 
there was also no significant change in ONH blood flow following an increase in 
perfusion pressure after exercise, but again the change in ocular perfusion pressure 
was small.184 
Retinal and choroidal blood flow was also studied using LDF in glaucoma patients. 
Retinal blood flow was shown to decline with time in POAG patients and it was 
associated with structural glaucomatous progression.245 Subfoveal choroidal blood 
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flow was reported to be lower in POAG and OHT patients than in normal control 
subjects;182 however, an earlier study did not find subfoveal choroidal blood flow to 
be statistically different between POAG and normal eyes.72 Subfoveal choroidal 
blood flow did display increased short-term variability116 as well as stronger increase 
in response to exercise-induced blood pressure change182 in POAG patients, 
supporting a vascular dysfunction theory. 
There has also been substantial research on ocular blood flow in glaucoma patients 
using CDI. A meta-analysis that included 23 prospective studies showed reduced 
PSV, reduced EDV and increased RI in all retrobulbar vessels (ophthalmic artery, 
central retinal artery and short posterior ciliary artery) in POAG patients.141 
Decreased perfusion velocity and increased RI were also demonstrated in some or 
all of the retrobulbar vessels in angle-closure glaucoma (ACG)24 and NTG.178 In 
addition, CDI was implicated in glaucoma prognosis. Perfusion velocity in ophthalmic 
artery was shown to correlate with functional and structural progression in POAG 
patients.63,152 
Studies using newer techniques such as LSFG and DOCT were only available more 
recently. Using LSFG, blood flow to the neuroretinal rim measured by SBR was 
associated with visual field defect in NTG but not POAG group.273 ONH blood flow 
measured by LSFG was shown to be reduced in preperimetric glaucoma and mild 
NTG patients.219 LSFG measurements of waveform changes in ONH blood flow 
could differentiate NTG eyes from normal.220 In contrary to a study using CSLDF, 
ONH blood flow measured by NB using LSFG did not change significantly with 
trabeculectomy.238 DOCT studies mainly focused on retinal blood flow and 
glaucoma. Retinal blood flow as measured by DOCT was reduced in glaucomatous 
eyes91,256 and was a predictor of visual field loss independent of structural loss 
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measured by retinal nerve fibre layer (RNFL) loss.91 In glaucomatous eyes withsingle 
hemifield damage, there was reduced retinal blood flow measured using DOCT in 
the affected hemisphere, which was also associated with thinner RNFL.216  
Blue-field entoptic simulation, RFI and SLO FA/ICGA have been less commonly 
used to investigate glaucoma. An early report showed blunted hyperemic response, 
as measured by macular blood flow using blue-field entoptic simulation following 
induced IOP change was evident in POAG eyes, suggesting an abnormal 
autoregulation.77 Another study showed higher leucocyte velocity was associated 
with less visual field loss in glaucoma patients.228 Using RFI, changes in retinal blood 
flow velocity were only evident in pre-perimetric glaucoma, but not in perimetric 
glaucoma.15 Using SLO fluorescein angiography, prolonged arteriovenous passage 
time and reduced mean dye velocity were associated with glaucoma group.260,3  
In summary, even though there are some contradictory results, most evidence from 
available studies appears to support the notion of compromised blood flow and loss 
of effective autoregulation in the ONH in glaucoma patients. With newer techniques 
of measurement available, more research would be needed to find out whether this 
was the cause or the result of glaucomatous damage. 
5.3. Age-related macular degeneration (AMD) 
Pathogenesis of AMD is again multifactorial, and ocular perfusion abnormalities, 
especially disturbance on choroidal blood flow may be a contributing factor to the 
pathological changes.35,174 Inconsistent observations existed regarding retinal vessel 
calibre measured on fundus photograph and AMD. Early AMD was associated with 
wider venular diameter in a Singaporean study98 and with wider arteriolar diameter in 
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a Chinese study.270 There were no significant association in other Asian or 
Caucasian populations.28,93,114,269 
Again, LDF and CSDLF provided significant contribution to the understanding of 
retinal and choroidal blood flow in AMD. In patients with dry AMD, subfoveal 
choroidal blood flow was reduced compared to normal.70 This reduction was 
associated with increased drusen extent6 and other features associated with risk for 
development of choroidal neovascularization (CNV).71 Reduction in subfoveal 
choroidal blood flow in dry AMD patients was augmented by systemic hypertension, 
which might contribute to progression of disease.146 In a longitudinal study on 
patients with dry AMD, lower choroidal blood flow at baseline was associated with 
the development of CNV and reduction in the foveolar choroidal circulation precede 
the development of CNV in AMD.144 This observation was supported by another 
longitudinal study on fellow eyes of AMD patients with unilateral CNV.9  A similar 
design to study vascular autoregulaton in glaucoma patient was adopted in AMD. 
Pournaras and coworkers showed subfoveal choroidal blood flow increased in 
neovascular AMD patients and remained stable in normal patients in response to 
moderate increase in ocular perfusion pressure induced by isometric exercise, 
indicating altered regulation of choroidal blood flow in neovascular AMD;183 however, 
this was not the case in dry AMD patients.145  
With LDF and CSLDF, blood flow changes in response to treatment were studied. 
Patients with dry AMD who underwent low intensity photocoagulation had an 
increase in choroidal blood flow 28 months after treatment.50 In patients with 
subfoveal CNV secondary to AMD, there was no significant change in choroidal 
blood flow after photodynamic therapy.132,252 Fontaine and coworkers showed retinal 
arteriolar diameter decreased and arterial blood flow remained stable after 
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intravitreal bevacizumab therapy in neovascular AMD patients,58 while another study 
reported intravitreal ranibizumab treatment for neovascular AMD induced a reduction 
in retinal arteriolar diameter, arteriolar blood flow velocity, and blood flow in patients 
who have received <1.50 mg of ranibizumab.151 No reports on choroidal blood flows 
changes after intravitreal anti-vascular endothelial grow factor in AMD patients have 
yet been published.  
Using CDI, a decreased perfusion velocity and increased pulsatility index (defined as 
(PSV-EDV)/temporal average of velocity) was reported in posterior ciliary artery in 
patient with AMD,33,59,87 and the observation was more pronounced in neovascular 
AMD.250 After intravitreal bevacizumab treatment, Mete and coworkers noted 
reduction in perfusion velocity in posterior ciliary ateries.143 In addition, Toklu and 
coworkers reported bevacizumab therapy decreased perfusion velocities and 
increased RI in both posterior ciliary artery and central retinal artery in the early 
postoperative period and returned to preoperative values at 1 month.246 Mixed 
results (unchanged or increased blood flow) were reported after ranibizumab therapy 
in neovascular AMD patients.142,205 There were no significant changes in retrobulbar 
blood flow after combined treatment of intravitreal triamcinolone and photodynamic 
therapy.20 
Using SLO ICG angiography, delayed and heterogeneous choroidal filling pattern 
was shown in non-neovascular AMD patients.34 Research on retinal blood flow and 
AMD is rather limited so far. Burgansky-Eliash and coworkers reported decreased 
retinal arterial flow velocity in AMD patients using RFI.14 Currently there was no 
published studies using LSFG, DOCT, or blue field entoptic simulation on blood flow 
in AMD patients. 
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In summary, current literature favors disturbance of choroidal blood flow in the 
pathogenesis of AMD; however, there is still no conclusive evidence of a causal 
relationship. There is also a lack of evidences using newer techniques to evaluate 
retinal and choroidal blood flow in AMD patients. Further studies are warranted. 
6. Applications of flow dynamics assessment in systemic pathology 
The easy accessibility of retinal and choroidal microvasculature permits non-invasive 
evaluation of systemic diseases that affect microcirculation. As mentioned in section 
3.5, the association between retinal vessel calibre and systemic diseases, such as 
diabetes, hypertension, stroke, and coronary artery disease, are evident in a number 
of large scale studies.263-266 There is also literature on retinal and choroidal blood 
flow in association with systemic diseases, although the evidence is relatively weak. 
Atherosclerosis is a systemic vasculopathy that affects several arterial beds. Using 
LDV, it was shown that in patients with coronary artery disease, the retinal blood 
velocity correlated independently with intima-media thickness (IMT), a marker of 
carotid atherosclerosis.153 Retinal arteriolar blood flow measured by RFI was found 
to be inversely associated with coronary blood flow.2 This may help detect 
individuals who are at risk of developing coronary atherosclerosis. Using LSFG, it 
was noted that parameters of pulse waveform analysis in the ONH including blowout 
time and blowout score were associated with parameter of carotid atherosclerosis, 
such as IMT and severity of carotid arterial plaque.190 Multiple sclerosis (MS) is an 
inflammatory disease of the central nervous system. It was suggested that MS would 
result in primary retinopathy reflecting global central nervous system atrophy.204 
Using RFI, Jiang and coworkers first reported significant reduction in retinal blood 
flow velocity and volume in patients with relapsing remitting MS.101  
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Assessing retinal and choroidal blood flow in these systemic diseases that affect 
microvasculature is still a very new field. The aim is to be able to stratify disease risk 
and monitor disease progression by non-invasive evaluation of retinal and choroidal 
microvasculature. With more techniques available, more studies in the future are 
expected. 
7. Summary and future scope 
We present various methods of assessing retinal and choroidal blood flow. One 
important limitation of current research in ocular blood flow is that there is no gold 
standard technique. Therefore, it is difficult to compare results arising from different 
assessment techniques. Nevertheless, each method is able to evaluate certain 
aspects of ocular hemodynamics from which important knowledge about 
pathophysiology can be derived. DR, glaucoma, and AMD are three of the most 
common ocular diseases that significantly burden global health. Disturbance of 
ocular blood flow has been implicated in all three disorders to varying degrees. 
Assessment of retinal and choroidal blood flow is also a window to evaluate systemic 
diseases that affects microvasculature. As technology evolves, better evaluation of 
blood flow in various ocular and systemic diseases will likely bring new perspectives 
into clinical practice and translate to better diagnosis and treatment.  
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8. Methods of literature search 
Pubmed was used by the authors using search terms relevant to subject matter, 
scanning the database for all literature published to date in English language.  
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Table 1. Results of different techniques used for measuring ocular blood flow in different diseases. 
Method Study subjects Measurements Flow values 
Laser Doppler 
velocimetry196 
Healthy subjects 
Mean total arterial volumetric flow rate 33 ± 9.6 µL/min 
Mean total venous volumetric flow rates  34 ± 6.3 µL/min 
Doppler Optical 
Coherence Tomography42 
Healthy subjects 
Mean retinal arterial flow 35.7 ± 4.1 µL/min 
Mean retinal venous flow 36.0 ± 4.5 µL/min 
Doppler Optical 
Coherence Tomography91 
Glaucoma patients Total retinal blood flow 34.9 ± 8.5 µL/min* 
Healthy subjects Total retinal blood flow 45.5 ± 9.5 µL/min 
Doppler Optical 
Coherence 
Tomography216 
Glaucoma patients Total retinal blood flow 34.6 ± 12.2 µL/min* 
Healthy subjects Total retinal blood flow 46.5 ± 10.6 µL/min 
Laser Doppler flowmetry70 Dry AMD patients 
Mean choroidal blood flow in the center 
of the fovea 
8.7 ± 3.1 AU* 
Mean choroidal blood volume in the 
center of the fovea 
0.24 ± 0.08 AU* 
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Mean choroidal blood velocity in the 
center of the fovea 
0.44 ± 0.1 AU 
Mean blood flow pulsatility 0.71 ± 0.15 
Healthy controls 
Mean choroidal blood flow in the center 
of the fovea 
13.7 ± 3.5 AU 
Mean choroidal blood volume in the 
center of the fovea 
0.36 ± 0.11 AU 
Mean choroidal blood velocity in the 
center of the fovea 
0.44 ± 0.07 AU 
Mean blood flow pulsatility 0.66 ± 0.14 
Laser Doppler flowmetry9 
Patients with unilateral 
choroidal neovascular 
AMD 
Mean subfoveal choroidal blood flow 17.4 ± 3.7 AU 
Scanning laser Doppler 
flowmetry157 
Proliferative DR 
Median retinal blood flow 
253.1 ± 89.9 AU* 
Non-proliferative DR 
(NPDR) 
229.5 ± 87.8 AU 
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Diabetics with no 
clinical retinopathy 
216.8 ± 67.2 AU 
Healthy controls 200.9 ± 55 AU 
Pneumotonometry134 
Pre-proliferative / 
proliferative diabetic 
retinopathy (DR) 
Mean pulsatile ocular blood flow (POBF) 
1097 µL/min* 
Background DR 1015 µL/min* 
Diabetics with no 
clinical retinopathy 
818 µL/min 
Non-diabetic control 
subjects 
644 µL/min 
Pneumotonometry86 
Primary open-angle 
glaucoma (POAG) 
879 ± 23 µL/min* 
Healthy subjects 1045 ± 19 µL/min 
Laser interferometry210 AMD patients 
Fundus pulsation amplitude (FPA) 
measurements adjacent to the classic 
4.1 ± 0.3 µm 
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neovascular membranes (CNM) (FPAout) 
FPA measurements directly on the CNM 
(FPAin) 
3.2 ± 0.3 µm# 
Healthy subjects 
FPAout 3.3 ± 0.3 µm 
FPAin 3.9 ± 0.3 µm# 
Laser interferometry86 
POAG FPA 3.21 ± 0.98 µm* 
Healthy subjects FPA 3.99 ± 0.94 µm 
Laser speckle 
flowgraphy96 
Severe NPDR patients 
underwent panretinal 
photocoagulation (PRP) 
Optic nerve head (ONH) mean blur rate 
(MBR) in the vessel area 
29.1 ± 9.0 AU¶ 
ONH MBR in the tissue area 9.0 ± 2.7 AU¶ 
Choroidal MBR 6.4 ± 3.7 AU¶ 
Severe NPDR patients 
without PRP 
ONH MBR in the vessel area 40.7 ± 7.7 AU 
ONH MBR in the tissue area 10.8 ± 2.4 AU 
Choroidal MBR 7.8 ± 2.0 AU 
Healthy controls ONH MBR in the vessel area 41.5 ± 8.3 AU 
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ONH MBR in the tissue area 11.4 ± 2.8 AU 
Choroidal MBR 9.2 ± 3.7 AU 
Retinal function imager16 Healthy subjects 
Mean RBC velocity in retinal arteries 4.2 ± 0.9 mm/s 
Mean RBC velocity in retinal veins 3.3 ± 0.8 mm/s 
Retinal function imager14 
Healthy subjects 
Mean retinal arterial blood flow velocity 4.3 ± 1.0 mm/s 
Mean retinal venous blood flow velocity 2.9 ± 0.6 mm/s 
AMD patients 
Mean retinal arterial blood flow velocity 3.6 ± 1.4 mm/s* 
Mean retinal venous blood flow velocity 2.6 ± 0.9 mm/s 
Color Doppler imaging143 
AMD patients before 
intravitreal 
Bevacizumab injection 
Peak systolic perfusion velocity (PSV) in 
nasal posterior ciliary arteries  
16.5 ± 7.4 cm/s 
End diastolic perfusion velocity (EDV) in 
nasal posterior ciliary arteries 
5.6 ± 3.8 cm/s 
PSV in temporal posterior ciliary arteries 16.9 ± 4.5 cm/s 
EDV in temporal posterior ciliary arteries 5.9 ± 2.4 cm/s 
AMD patients post- PSV in nasal posterior ciliary arteries 13 ± 4.6 cm/s* 
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intravitreal 
Bevacizumab injection 
EDV in nasal posterior ciliary arteries 4.7 ± 1.8 cm/s* 
PSV in temporal posterior ciliary arteries 15.2 ± 3.9 cm/s* 
EDV in temporal posterior ciliary arteries 5.3 ± 2.1 cm/s 
Optical coherence 
tomography 
angiography23 
Eyes with glaucoma 
Peripapillary retinal nerve fiber layer 
(RNFL) blood flux index 
0.66 ± 0.03* 
Healthy eyes Peripapillary RNFL blood flux index 0.74 ± 0.03 
* The difference was significant than controls (p<0.05); # The difference in FPAin was significant than FPAout (p<0.05); ¶ ONH MBR 
values in the severe NPDR with PRP group were significantly lower than that of the severe NPDR without PRP and the healthy 
subjects (p<0.05); 
